We demonstrate advantages in terms of trapping force distribution and laser efficiency that come from using a telescopic pair of conical lenses ('axicon') to generate a ring-like beam, that in conjunction with a high NA objective is used for direct optical trapping with a focused evanescent field near a surface. Various field geometries are considered and compared. First, a Gaussian beam and a laser beam focused on the back focal plane of the objective are compared with each other, and they are scanned across the inlet aperture of the objective. This allows to detect the point of total internal refraction, and to study the trapping power near the surface. We confirm that the hollow beam generated by the conical lenses can generate an evanescent field after a high NA objective lens, and that micron-sized particles can be trapped stably. Finally, we apply the focused evanescent field to erythrocytes under flow, showing that cells are trapped against the flow and are held horizontally against the surface. This is a different equilibrium condition compared to conventional single beam traps, and it is particularly favorable for monitoring the cell membrane. We foresee the integration of this type of trapping with the imaging techniques based on total internal refraction fluoresence (TIRF).
Introduction
Optical trapping is based on the fact that a light beam propagating through interfaces between dielectric objects is able to transfer momentum and generate forces on the objects. Typically a high intensity and high gradient are required to obtain a confining force, and a strongly focussed laser beam is used as a source of light [1] . Tweezers are used to manipulate and to measure forces, in the range between 0.01 and 100pN. The standard type of optical tweezers has found widespread use to address a variety of biological questions in recent years [2] [3] [4] . In many experiments, the beam is used to manipulate a colloidal particle, which is used as a "handle" for actuating biological objects (whole cells, membrane protrusions) or molecules (DNA strands, elements of the cytoskeleton). However it is not always possible to design an investigation to include the colloidal probe particle. If the focused light beam is used to trap biological cells directly, there can be various potential problems, ranging from the strong localized heating of the object near the focal point, to the fact that the force itself is applied to a small region, with linear dimension of the order of less than a micron. This makes it difficult to directly trap large thin objects, such as for example the membrane of a eucaryotic cell, which has linear dimension between 10 and 50 micron depending on the cell type. Cell membranes are a region of strong biological activity, and there is a need to develop techniques for both imaging and manipulation. The idea of using total internal reflection to provide a localized excitation field for fluorescence imaging has proven very successful, and the method is known as TIRF imaging [5] [6] [7] [8] . It would be clearly beneficial to have a micromanipulation device capable of maintaining (holding, moving, releasing, etc) the cell membrane within the narrow region near the reflection boundary, where the TIRF excitation is effective, enabling greater control over single molecule detection on cell membranes. We intend this study as a necessary precursor to such promising extensions.
Under total internal reflection (TIR), an evanescent field is generated that has been shown to trap micro-and nano-sized objects [9] . The trapping forces that act on spherical particles in an evanescent field have been studied at various levels of sophistication [10] [11] [12] [13] . Of course trapping forces on more complex objects such as biological cells are much more difficult to estimate, and hence the usefulness of approaching this problem experimentally. The condition for TIR can be achieved by either a prism element or a high NA objective. In developing this type of trap with imaging in mind, it is convenient to use high numerical aperture (NA) objective approach [14, 15] . Evanescent field trapping can overcome various problems typical of direct trapping using single beam focused traps. The exponential decay of light intensity induces an optical gradient field towards the boundary interface, which provides a force towards the surface. With infrared light (1064nm wavelength beams are very often used in optical trapping) the field is confined essentially to less than a micron from the surface, and in the case of a suspended cell (roughly spherical in shape) this means that most of the cell interior is not illuminated. The transfer of energy into the object is significantly lower compared to focusing propagating beams on the object surface. Depending on the optical design, the trapping area in the evanescent wave can be made wider than in conventional focused optical trapping.
Several geometries for achieving trapping in evanescent wave illumination have been reported. One possibility is to use the radiation force induced by an evanescent wave produced at the interface between two media under the TIR condition, obtained with cylindrical prism [9, 16] . In this case the strength of the evanescent wave is too weak to trap and manipulate objects. To overcome this weakness it was possible to introduce a metallic tip or pattern to enhance the evanescent field through a surface plasmon effect [17] [18] [19] . In the presence of a tip it was shown that a particle of a few nanometers in size in water or air could be trapped [20] . The use of the evanescent field localized near a subwavelength aperture has also been proposed [21] and recently shown experimentally as a route to trap a subwavelength particles [22] . Single beams incident at an angle to the surface generate an evanescent field that carries momentum in the plane of the surface, in the direction of propagation [9] . A simple way to compensate for this force, and obtain a force perpendicular to the surface, is by having a compensating beam from the opposite direction [23] . Another elegant geometry in which the momentum parallel to the surface cancels out relies on obtaining the focused evanescent field from a high NA objective that is centrally obstructed, resulting in a focused ring beam [24] [25] [26] . The opaque disk blocks the central disk section of the inlet beam, so that after the objective the convergence of all rays is larger than the critical angle determined by the interface between two media. However because a part of the beam is blocked, energy is lost, and a high power laser is required to trap particles. In ref [15] the trapping efficiency of this configuration is investigated in detail. An alternative way to generate hollow beams is through the use of a lens and axicon pair, again in combination with a beam stop [27] . The axicon element (a conical lens) is well known to transform a Gaussian beam into a Bessel beam, and in this guise has already found application in optical trapping [28] . We use here the property that a telescopic pair of axicon elements transforms a Gaussian beam into a propagating hollow beam. Using this geometry, the hollow annular beam can be generated without loss, and by directing this beam into a high NA objective a focused evanescent field is obtained. In this study, we demonstrate the direct optical trapping from a focused evanescent field generated by an ring beam using a telescopic pair axicon elements and a high NA objective (NA=1.46). To compare the results obtained with the evanescent field to the conventional trapping with Gaussian beams, we have performed test experiments using a) a narrow Gaussian beam and b) a beam weakly focused on the back focal plane of the objective. In both cases, the beam position is scanned across the inlet of the objective and we investigate the trapping power. We show that red blood cells (erythrocytes) can be trapped near the surface even against a flow force, and that the focused evanescent field leads to a particular equilibrium position for trapped erythrocyte cells, different from what is achieved in conventional trapping.
Experiment
The trapping laser beam is generated from a continuous-wave HeNe laser (Melles Griot, 633nm, P max = 30mW ). The objective is a high NA lens (Zeiss, Plan-apochromat, oil immersion, NA= 1.46, 100x) with inlet diameter=5mm. The objective is mounted inverted, i.e. the beam is incident from below, and we label z the vertical propagation axis. To investigate trapping by evanescent fields, we use three different setup geometries, having (a) a single Gaussian beam, (b) a focussed beam, and (c) a hollow beam on the back focal plane of the microscope objective. In (a) the laser beam waist is 0.96mm. The distance of the beam from the optical axis at the inlet was varied, as shown in Fig. 1(a) . In case (b) three lenses, acting as beam expander (x2.5) and focusing lens ( f =200mm) are added into the setup described above. The beam is focused on the back focal plane, as shown in Fig. 1(b) . In case (c) a hollow beam is generated in order to make a focused evanescent field: Two conical lenses (Axicon, Del Mar Photonics, 160 • ) are aligned on-axis after the beam expander, as shown in Fig. 2 . After the objective lens, immersion oil (n oil =1.52) fills the gap to a glass slide of n g =1.52. The glass confines a layer of water (n w =1.33), with a final glass slide providing the top surface. The evanescent wave is set up at the interface between the first glass slide and water. In order to measure the onset of TIR, measurements are taken of the intensity of the vertically propagating beam beyond the sample chamber described here.
To optimize the hollow beam setup, we used the commercial optical simulation software tool ZEMAX. Given the NA of this objective, and the basic relation NA = n sin(θ max ), θ max = 74.1 o is the half-angle of the maximum cone of light that can exit the lens. The critical angle of incidence for TIR at the glass water interface is θ crit = arcsin(n w /n g ) = 61.2 o . Considering beams parallel to the optical axis, the beam with incidence angle θ max is the one entering the objective back aperture at the largest possible distance from the center, i.e. 2.5mm. The critical angle corresponds to a beam entering at distance of 1.3mm. Using ZEMAX the positions of the axicon elements have been determined in order to achieve a hollow beam with internal diameter 1.5mm and external diameter close to the aperture edge. Therefore in ideal conditions we expect all of this hollow beam to be reflected back from the glass/water interface. Experimentally we always observe some leakage of light which may be caused by scattering at various optical surfaces.
For imaging, the sample is illuminated from above with a condensed LED (λ = 470nm) and is observed in bright field with a CMOS camera (Stingray, Allied Vision Technologies), recording to a PC using customized software (Labview). Video is recorded at ∼160 frames/s and with pixel size 65nm. To observe the trapping phenomena, silica beads of 3.0, 1.85, 1.0 and 0.5 μm diameter and polystyrene beads of 2.0 μm diameter (Bangs Labs) are used. The beads are tracked automatically from the video data, using a custom image analysis code based on an image correlation matching algorithm (coded in Matlab). The trapping potential is locally described by a harmonic spring, and the trap stiffness is calibrated by measuring the thermal displacements of a trapped bead:
where x is one component of the instantaneous position, x 0 the mean position, P(x) the distribution of position, k B the Boltzmann constant, T temperature and k the trapping stiffness. As a first study with a biological sample, fresh red blood cells (RBC) are used. About 100μl of blood was obtained by a fingertip needle prick from a healthy volunteer donor, and it was diluted into phosphate-buffered saline (PBS) containing acid citrate dextrose at pH 7.4. The RBCs were washed three times by centrifugation and resuspension in the same buffer and finally suspended at about 0.1% haematocrit in PBS containing 1mg/ml bovine serum albumin (BSA) (Sigma-Aldrich). This solution is flowed through a 1mm square glass channel with optical glass sides, under gravity flow (near the surface, free cells are observed to drift with velocity v between 0.6 and 4.6μm/s). In this flow we aim to trap RBCs and show that they can be maintained near the bottom surface, and released back into the flow.
Results
The different optical geometries result in varying beam size at the glass/water interface. The trapping area in case (a) of the standard Gaussian beam and case (b) of a beam focussed at the back focal plane are shown in Fig. 1 . In case (a), upon scanning across the aperture, the condition of TIR is reached. Here the trapping region is wider than when the beam is on axis. This is shown by the fact that two 3.0 μm diameter beads can be trapped side by side in the direction of the beam deviation off axis. In case (b) as expected the trapping region is much wider and the trapping stiffness is weaker than case (a). The intensity that is transmitted beyond the sample chamber is significantly reduced when the incidence angle on the glass/water interface increases beyond the critical angle; this is shown in Fig. 3(a) . Figure 3(b) shows the trapping stiffness for 3μm diameter silica beads in this case. In the Gaussian beam geometry the trapping stiffness in the x axis direction is lower than the y axis direction (the laser inlet position is scanned along x). At incidence angles where the trapping is through the evanescent field it is observed that the stiffness is one order of magnitude lower than for the propagating field on axis. The trapping stiffness in the focused beam geometry [case (b)] is much weaker (three orders of magnitude) than the Gaussian beam on axis, but the trends as a function of the inlet position are similar. This trend confirms the results of [24] , where the decay of trapping efficiency was shown as an increasing fraction of the Gaussian beam was blocked. Figure 2 shows the setup used to obtain a hollow beam, and the beam profile from simulation results. The optical simulation in ZEMAX confirmed the inlet annular beam profile obtained using two conical lenses. The experimentally obtained beam profile before the objective lens is shown in Fig. 2(b) . This beam was chosen to have the right radius to result in a high enough incidence angle and an evanescent field after the high NA objective lens. The beam intensity propagated beyond the sample for this case of hollow beam is similar to the two cases considered above (Gaussian and focused beams) in the off-axis TIR region. The trapping stiffness obtained with the hollow beam is also similar to that achieved with the Gaussian beam off axis, in the TIR region. The hollow beam trapping stiffness can be modulated and is reduced by moving the sample cell vertically (z axis): the 3 μm diameter silica beads can be trapped up to around 10μm above the surface, 1.85 μm diameter silica beads up to 4μm as shown in Fig. 3(c) . Trapping near the surface was possible with 3 and 1.85μm diameter silica beads, but not possible with 1.0 and 0.5μm diameter silica and 2.0μm diameter polystyrene beads. These experimental results seem to imply that there is a weak potential capable of three dimensionally trapping beads, even away from the bottom surface. This could be caused by a fraction of the beam propagating vertically. The difference observed with particles of different density (silica and polystyrene) points to the fact that under these conditions stability needs to be achieved balancing all forces, including optical gradients and gravity.
Trapping of red blood cells with the focused evanescent field generated by the hollow beam is shown in Fig. 4(a) . Cells, flowing in a square capillary, can be attracted to the bottom surface and maintained horizontal. After switching off the laser, the trapped cell is observed to flow. By comparison, the conventional geometry of Gaussian on axis beam (propagating field) leads to trapping the cell in a vertical configuration as shown in Fig. 4(b) .
Discussion
We have measured that in the evanescent field conditions the trapping stiffness with a beam weakly focused on the back focal plane was three decades weaker than for the Gaussian beam. This result implies that to have significant trapping, a ring beam for the evanescent field trapping should propagate as parallel as possible to the optical axis. If the laser beam is focused before or inside objective lens, the trapping stiffness is made weaker although the trapping area is correspondingly wider. The use of the telescopic pair of axicon lenses to generate the parallel ring beam seems optimal to achieve the right conditions for evanescent field trapping. Other attempts were made exploring the use of a single axicon and three convex lenses to make a focused ring beam before or inside the objective lens for the evanescent field, but in this configuration it was not possible to trap the micro-particles stably. This geometry leads to a broad spot on the interface plane and hence weak trapping. What is a disadvantage in trapping is however an advantage in TIR fluorescence imaging, where it is useful to have a large excitation area [29] . In this paper we show that using two axicon lenses is a simple and efficient way to make a parallel annular beam with the right characteristics to make an evanescent field for trapping. Comparing to the previous studies of Gu at al. [25, 26] where the central region of the objective inlet aperture was blocking by an opaque disk in order to provide the ring beam for the evanescent field, our optical setup with the conical lenses makes a more efficient use of the laser power.
As a preliminary application of the evanescent field trapping, we performed RBC manipulation under gravity-induced flow. The red blood cells have been shown to acquire a flat configuration on the surface towards which they are trapped. This may be beneficial in the future for investigations aiming to measure membrane activity and membrane bound proteins. The trapped cells are released back into the flow after the laser is turned off. An important advantage of using an evanescent field for trapping biological samples is to minimize the light that propagates through the sample, reducing the risk of photo-induced damage. This type of trap- ping can be easily combined with TIR fluorescence imaging and should prove useful for future investigations on membrane activity and membrane bound proteins.
Conclusion
We have demonstrated the direct optical trapping of particles and cells with a focused evanescent field, generated by a ring beam obtained using two conical lenses and a high NA objective. We compared the new beam geometry with various other conditions of Gaussian and focused beams, entering the microscope objective on and off-axis. Finally, we applied the focused evanescent field to prove that erythrocytes can be manipulated under flow, and showed that the new optical beam geometry leads the cell to be trapped flat on the glass surface, an ideal conformation to observe the cell membrane. The use of focused evanescent field trapping obtained by conical lenses will facilitate new experiments requiring optical manipulation of biological cells taking advantage of the particular trapping field and laser efficiency.
